The b-barrel assembly machinery (BAM) is a multicomponent complex responsible for the biogenesis of b-barrel outer membrane proteins (OMPs) in Gram-negative bacteria, with conserved systems in both mitochondria and chloroplasts. Given its importance in the integrity of the outer membrane and in the assembly of surface exposed virulence factors, BAM is an attractive therapeutic target against pathogenic bacteria, particularly multidrug-resistant strains. While the mechanism for how BAM functions remains elusive, previous structural studies have described each of the individual components of BAM, offering only a few clues to how the complex functions. Recently, a number of structures have been reported of complexes, including that of fully assembled BAM in differing conformational states. These studies have provided the molecular blueprint detailing the atomic interactions between the components and have revealed new details about BAM, which suggest a dynamic mechanism that may use conformational changes to assist in the biogenesis of new OMPs.
Introduction
While a-helical membrane proteins can be found in nearly all membranes, b-barrel membrane proteins can only be found in the outer membranes (OM) of Gramnegative bacteria, mitochondria, and plastids, such as chloroplasts [1] [2] [3] . Here, these b-barrel outer membrane proteins (OMPs) can serve many functions for the cell including nutrient import and signaling. The membrane domain of OMPs consists of a linear Abbreviations BAM, b-barrel assembly machinery; nOMP, nascent OMP; OMP, b-barrel outer membrane protein; POTRA, polypeptide transportassociated; TPR, tetratricopeptide repeat.
pattern of typically an even number of antiparallel b-strands forming an elongated b-sheet, where the first and last strands interact at a junction site to form a barrel-like shape [4, 5] . While little is known about the biogenesis of OMPs, which can vary in size from 8 to 26 strands, much of what is known comes from studies in Gram-negative bacteria [6] [7] [8] . Here, a multicomponent membrane-embedded complex called the b-barrel assembly machinery (BAM) orchestrates the folding and insertion of new OMPs into the OM. In Escherichia coli, where most of the studies have been done, BAM consists of five components called BamA, BamB, BamC, BamD, and BamE [9] [10] [11] . BamA is an OMP itself while BamB-E are all lipoproteins anchored to the inner leaflet of the OM via an N-terminal lipid anchor. While the composition of BAM varies by species, the essential core is well conserved and consists of BamA and BamD. The other Bam proteins have been shown to be required for optimal stability and efficiency of BAM [11] [12] [13] [14] .
In Gram-negative bacteria, OMPs are first synthesized in the cytoplasm before being transported across the inner membrane (IM) into the periplasm by the Sec translocon [6, 7] . Once in the periplasm, chaperones such as SurA and/or Skp stabilize the nascent OMPs (nOMPs) and further escort them through the periplasm and peptidoglycan to the OM, where they are handed off to the BAM complex for folding and insertion. Importantly, unlike at the IM, there is no known energy source at the OM to assist in OMP biogenesis. Despite all the functional and structural studies reported to date, the exact mechanism for how BAM functions has remained elusive. However, these studies have collectively offered some clues about how BAM might operate as a molecular machine, by undergoing cyclic conformational changes that drive folding and insertion of nOMPs into the OM [15] [16] [17] . In the past decade, crystal structures of BamA and each of the four accessory proteins BamB, BamC, BamD, and BamE were reported [9, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Together these structures revealed the architecture of the individual Bam proteins and provided the first insight about the important role of BamA, its unique structural properties, and its unprecedented conformationally dynamic behavior within a lipid membrane. Additionally, structures of two-component complexes have been reported including BamCD and a periplasmic fragment of BamA in complex with BamB and separately with BamD [35] [36] [37] . And recently, crystal structures of fully assembled BAM were reported, providing structural snapshots of several conformational states and further supporting the hypothesis of a dynamic complex [38] [39] [40] .
Given the essential nature of BAM and the fact that it is found at the surface of bacteria, it is an attractive therapeutic target, particularly against pathogenic strains of Gram-negative bacteria that have acquired multidrug resistance. Potential antimicrobial compounds could directly interact with BAM at the surface of the bacteria and would not have to cross membranes to access the intended target. While we will describe here the intricate details of the molecular structure of BAM and how it may function in OMP biogenesis, the ultimate goal is to eventually utilize these findings to help combat multidrug-resistant strains of pathogenic bacteria.
The structures of the Bam components
BamA is the largest BAM component with an N-terminal periplasmic domain composed of five polypeptide transport-associated (POTRA) domains and a 16-stranded C-terminal b-barrel transmembrane domain. Since 2007, several crystal structures of BamA from different bacterial species have been reported, including the POTRA domains and b-barrel domains individually (PDB IDs 4C4V, 4N75, 3OG5, 3Q6B, 3EFC, 2V9H, 2QCZ, 2QDF, 4K3C), as well as a full-length structure of BamA from Neisseria gonorrhoeae (PDB ID 4K3B) (Fig. 1A) [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] [29] [32] [33] [34] . Interestingly, the barrel domain of all reported BamA structures exhibits a novel architecture not observed in other OMPs, where there is a significant thinning of the barrel near the junction site where strands b1 and b16 close the barrel [18, 41] . Recent studies have shown that this narrowed side of the barrel would thin and destabilize the local membrane bilayer, which may be a key feature in how BamA is used to promote OMP folding/insertion [18, [41] [42] [43] . Furthermore, an exit pore at the extracellular side of the barrel was identified and has been proposed to mediate passage of extracellular loops of new OMPs to the extracellular surface, some of which can be as large as 100 residues [18, 30, 42] . Possibly the most revealing observation from this set of studies was that strand b16 of the b-barrel domain of BamA was found unzipped from strand b1 and pointing into the lumen of the barrel, leaving only a few hydrogen bonds tethering the barrel together. This observation suggested that the barrel domain of BamA contains a lateral gate which could mediate the insertion of new strands directly into the OM (Fig. 1A) [18, 41] . Subsequent molecular dynamics simulations and disulfide crosslinking studies are consistent with the essential role of this lateral gate of the barrel domain and the exit pore in the function of BamA [18, 30] .
The N-terminal periplasmic domain of BamA contains five tandem POTRA motifs. Although the mechanistic role of these POTRA domains is still not well understood, early studies suggested that they act as a structural scaffold for binding other Bam components and for recruiting nOMPs and chaperones such as SurA (Fig. 1A) [11, 16, 44, 45] . The structure of each POTRA motif consists of a three-stranded b-sheet positioned against two antiparallel helices in baabb topology [32, 33] . Despite the lack of significant sequence similarity, each of the five POTRAs are structurally similar with the largest difference found in POTRA3, which has an extended loop between a1 and a2 of unknown significance [32, 33] . The full-length structure of BamA from N. gonorrhoeae shows POTRA5 located at the periphery of the bottom of the barrel; however, other structures show POTRA5 positioned away from the barrel, providing further evidence in favor of BamA being conformationally dynamic [31] . A short loop connects POTRA4 to POTRA5 via a 90°turn with the other POTRA domains extending downward from POTRA4 in a right-handed spiral (Fig. 1A ) [18] . Comparison of POTRA motifs from various structures suggests an innate flexibility, particularly in the loop connecting the b-barrel to POTRA5 and in the loop that links POTRA2 and POTRA3 [34, 41] . Additionally, early studies identified that BamB and BamD each bind to the POTRA motifs at nonoverlapping binding sites, and it has been suggested that binding of these accessory proteins may be used to regulate flexibility between POTRA motifs [12, 41, 46] .
Crystal structures of BamB (PDB IDs 3Q7M, 3Q7N, 3Q7O, 3P1L, 3PRW, 3Q54, 2YH3, 4HDJ, 4IMM) reveal an eight-bladed b-propeller fold containing WD40-like motifs (Fig. 1B) [19] [20] [21] [22] [23] . While its importance has been well established in vivo and in vitro, the exact role of BamB is unknown, but has been hypothesized to be linked to substrate recruitment by possibly serving as a scaffolding protein [12, 19, 23, 47, 48] . A recent structure of a fusion protein of BamB with POTRA234 of BamA (PDB IDs 4PK1, 4XGA) is consistent with studies that indicated that BamB binds to POTRA3 near the flexible linker between POTRA2 and POTRA3 [11, 12, 36] . In this position, BamB is ideally positioned to regulate conformational flexibility between POTRA2 and POTRA3, as suggested by crystal structures of BamA/B and mutagenesis studies with BamB [12] .
Individual structures of BamC, BamD, and BamE have also been reported (Fig. 1B) [9, 49] . BamC contains three domains with a large unstructured N-terminal domain of~75 residues followed by tandem helix grip domains (PDB IDs 3SNS, 2YH5, 2YH6, 2LAE, 2LAF). Interestingly, whole cell fluorescence studies have shown that the helix grip domains of BamC are presented on the extracellular surface in E. coli, however the functional significance of this is unknown [50] . BamD (PDB IDs 2YHC, 3Q5M, 3QKY) consists of five tetratricopeptide repeat (TPR) domains which are found throughout biology and are commonly used for mediating protein-protein interactions [22, 24, 51] . Likewise, BamD has been shown to directly bind both BamA and BamC, and to some client nOMPs [11, 13, 52] . A crystal structure of BamD bound to BamC lacking the C-terminal helix grip domain (PDB ID 3TGO) revealed that the unstructured N terminus of BamC binds almost exclusively to BamD via an elongated interacting interface [35] . Using a fusion protein approach again, a crystal structure of BamD bound to POTRA45 of BamA from Rhodothermus marinus was also reported (PDB ID 5EFR), providing an early glimpse of the binding interface between BamA and BamD [37] . The structure of BamE was solved by both X-ray crystallography and NMR spectroscopy (PDB IDs 2YH9, 2KM7, 2KXX), showing an aabbb fold [22, 28, 29] . Although BamE has been shown to enhance the binding of BamD to BamA, whether this is its primary role within BAM is unclear [14] .
The structures of BAM
A significant advance in understanding BAM function has stemmed from four recent crystal structures of fully assembled BAM from E. coli [38] [39] [40] . Two of the reported structures contain all four lipoproteins (PDB IDs 5D0O, 5AYW; same space group and cell parameters), while two structures lack BamB (PDB IDs 5EKQ, 5D0Q) ( Fig. 2A,B) . These structures revealed the molecular interactions between the individual BAM components, confirming many that were already described either structurally and/or functionally, and uncovering novel ones. In all structures of BAM, the general domain organization and binding interfaces between individual Bam components are mostly unchanged. In each BAM structure, the periplasmic POTRA motifs of BamA extend downward below the barrel in a right-handed spiral that forms a semicircle shape parallel to the membrane. BamD was found with its long axis also parallel to the membrane, directly interacting with both POTRA5 (primary interaction) and POTRA1 and 2, forming a ring-like structure below the b-barrel domain of BamA within the periplasm. Studies have suggested that the BamA POTRA domains and BamD may interact with nOMP substrates; therefore, it was proposed that nOMPs may be recruited to this periplasmic ring as a holding/ folding chamber prior to membrane insertion [39] . In the BamABCDE crystal structures, BamB binds to one side of the periplasmic ring where it interacts primarily with POTRA3 near the linker with POTRA2, almost exactly as was observed in the structure of the fusion protein between BamA and BamB [36] . Flanking the opposite side of the periplasmic ring is BamC, which was found to bind BamD similar to that previously observed in the BamCD structure [35] . Notably, the two helix grip domains of BamC were only observed in one BamACDE structure (PDB ID 5D0Q) and not positioned within reasonable distance to be exposed on the cell surface as suggested by fluorescence studies. Rather, the C-terminal helix grip domain interacts with the b-sheet of POTRA2, helping to further close and stabilize the ring-like conformation of the periplasmic domains of BAM. As expected, BamE was found to bind BamD, interacting primarily along TPR4 and 5. Unexpectedly, BamE also interacts with POTRA5 of BamA, which supports previous reports indicating BamE can influence the interaction of BamD with BamA [14] .
The major differences observed between the two types of complexes are a positional shift of the periplasmic ring-like structure (in reference to the barrel domain) and a large conformational change in the shape of the b-barrel domain of BamA (Fig. 2C) . In the crystal structures with BamB, POTRA5 associates with periplasmic turns T1 and T2 at the periphery of the b-barrel domain and the periplasmic ring is positioned directly below the barrel with open access between the periplasmic ring cavity and the lumen of the barrel. In contrast, in the crystal structures lacking BamB, the periplasmic ring-like structure is shifted such that the bottom of the b-barrel is completely occluded by POTRA5 and the periplasmic ring is offset from the barrel, with the lumen inaccessible from the periplasm. The repositioning of POTRA5 below the barrel domain is stabilized by a number of additional interactions with periplasmic turns T1-T3 on one side and with T4, T6, and T7 on the opposite side of the barrel. Furthermore, the shift of the periplasmic ring observed in the absence of BamB is accompanied by an unprecedented conformational change in the barrel domain of BamA, where the first seven bstrands on one side of the b-barrel (b1-b7) are rotated by~45°with the bottom of the b-strands moving inward toward the center of the barrel and the top half of the b-strands rotated outward, starting most prominently with strand b1 and diminishing at strand b8, where strands b9-b16 are unchanged. Extracellular loops 1-3 are also flipped outward 180°to a fully open conformation along the putative exit pore. A significant consequence of this conformational change in the first half of the barrel domain of BamA is that the junction site is completely distorted, such that strands b1 and b16 no longer interact to form a sheet to close the barrel. Notably, this 'outward open' conformation was only observed in the crystal structures of BAM lacking BamB and supported by in vivo crosslinking studies [39, 42] .
Most recently, a cryoEM structure of the BAM complex with BamB was reported with an overall architecture highly similar to the BamACDE crystal structures, where the barrel domain of BamA was also found in an 'outward open' conformation (PDB ID 5LJO) [53] . Compared to the X-ray crystal structures, two structural differences within the POTRA domains were observed with the first being a shift in the angle between POTRA4 and POTRA5, which elevates the periplasmic ring slightly toward the membrane (Fig. 2D) . And in the second, there is a positional difference in POTRA1 with some slight movement also observed within the angle between POTRA2 and POTRA3. Importantly, the cryoEM structure indicates that gating of BamA does not depend solely on the presence of BamB, although the extent to which BamB or the other Bam accessory proteins are involved in modulating conformational states of BamA remains to be determined. 
Mechanistic insights for BAM-mediated OMP insertion
Molecular dynamics (MD) simulations have played a major role in sampling the conformational plasticity of BAM in order to extract clues to how exactly BAM may function in the biogenesis of OMPs at the OM [18, 39, 42, 54] . With the structure of BamA first being reported, MD simulations revealed the possible formation of both a lateral gate along the barrel junction site and a surface exposed exit pore [42] . The importance of both the lateral gate and the exit pore was then further supported by crosslinking experiments as being essential for BamA function. Furthermore, MD simulations also indicated that loop 6 of BamA is quite stable, which conflicted with structural comparisons with FhaC, where loop 6 was found in a conformation extending toward the periplasm. However, a more recent report corrects the position of loop 6 in FhaC, which now agrees with that observed both in BamA, and TamA, a related OMP [55] . In the end, both MD simulations and subsequent crosslinking experiments verified that loop 6 does not sample multiple conformations [42] . Recent MD simulations have indicated that the POTRA domains of BamA may interact directly with the inner leaflet of the OM, which is an attractive idea as this may assist in shuttling or ushering nOMPs directly into the membrane [54] . Furthermore, MD simulations on fully assembled BAM revealed that the full complex is most stable with all components, and that removal of components such as BamB can lead to increased dynamics, suggesting that the role of the accessory proteins may be to regulate the conformation of BamA within BAM [39] . Aligning with the recent structural reports, studies have previously indicated that BamA may need to be activated, possibly by BamD, for BAM to interact with substrate OMPs and to function properly [16] . It has also been shown that the accessory proteins BamD and BamE may regulate the conformational cycling of BamA which is required for BAM function [17] . And more recently, it was shown in vitro that BamA alone can mediate folding in a cyclic fashion via a catalytic mechanism, which has been suggested to be mostly attributed to BamA's role in destabilizing the local membrane for OMP insertion [15, 53] .
Conclusions and future directions
Together, structural, computational, and functional studies indicate that BAM likely undergoes conformational changes in a cyclic manner. Despite the distinct conformations observed for BamA in the recent structures of the BAM complex, more work is needed to determine exactly how these unprecedented conformational changes are regulated. Furthermore, it is still unclear exactly what role these conformational changes may play. Could they be to help usher nOMPs into the membrane or possibly to further prime the local membrane for nOMP insertion? Could the differences between the X-ray and cryoEM structures just be an artifact of the detergents used for each method? As it has been shown in several studies that BAM functions in a cyclic process, could these structural changes be responsible for these earlier observations? Furthermore, does the ring-like structure of the periplasmic portion of BAM play a significant role in OMP biogenesis, and if so, how? Aside from the possibility that the conformational changes in BAM provide energy to usher nOMPs into the membrane, it is difficult to envision the importance of this quaternary assembly itself just by the correlation with the circular shape of an OMP, which can vary in size from 8 to 26 strands. And, while the proposed mechanisms may address monomeric OMPs, they do not necessarily account for multimeric OMPs such as YadA or TolC. Could these OMPs follow a different pathway as has been proposed or could BAM clusters orchestrate their assembly? Another long-standing question is at what step in the biogenesis pathway do OMPs really begin folding? It is feasible to think that an OMP could begin folding as soon as it enters the periplasm and reaches out to BAM at the OM. This would be efficient and would prevent accumulation of nOMPs in the periplasm. However, it has generally been accepted that the C-terminal strand of an OMP (termed the b-signal) is likely the recognition signal, possibly even initiating biogenesis into the OM. But if this is true, all nOMPs would need to be fully translocated into the periplasm and stabilized by chaperones until the b-signal arrives to initiate biogenesis by BAM. One obvious advantage of this idea is that by requiring the b-signal to initiate biogenesis, only those nOMPs that are fully translated and translocated into the periplasm ever make it to the OM. This may serve as a checkpoint to prevent misfolded or incomplete OMPs from being inserted into the OM, which could make the cell vulnerable to host defenses and environmental hazards.
The past decade has seen an explosion of structural and functional studies investigating the BAM complex and the biogenesis pathway of OMPs. In the past year, new structures of fully assembled BAM have pushed the field even further by providing the molecular details for how each of the components interacts with the others. These structures have also revealed unprecedented conformational changes in BamA, which may play a significant role in how BAM is able to mediate folding/insertion of nOMPs into the OM. While there is certainly more structural work to be done, the arsenal of structures currently available will certainly synergize current and future functional and mechanistic studies to determine exactly how BAM operates. Furthermore, these studies will continue to offer clues about the conserved machineries responsible for the biogenesis of OMPs in both mitochondria and chloroplasts.
